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Many hadronic states observed since 2003, especially for the positive-
parity charm-strange states D∗s0(2317) and Ds1(2460), do not conform
with the conventional quark model expectations and raise various puz-
zles in charm meson spectroscopy. We demonstrate that those puzzles
find a natural solution thanks to the recent development of chiral ef-
fective theory and Lattice simulations. The existence of the D∗s0(2317)
and Ds1(2460) are attributed to the nonperturbative dynamics of Gold-
stone bosons scattering off D and D∗ mesons. It indicates that the low-
est positive parity nonstrange scalar charm mesons, the D∗0(2400) in the
Review of Particel Physics, should be replaced by two states. The well
constructed amplitudes are fully in line with the high quality data on
the decays B− → D+pi−pi− and D0s → D0K−pi+. This implies that the
lowest positve-parity states are dynamically generated rather than con-
ventional quark-antiquark states. This pattern has also been established
for the scalar and axial-vector mesons made from light quarks (u, d and
s quarks).
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1 Introduction
The hadronic spectrum has received a renewed interest with the recently collected
vast amounts of the experimental data, in particular of the exotic states that do
not conform with the conventional quark model. Among them the lightest positive
parity charm strange mesons D∗s0(2317) [1] and Ds1(2460) [2] have attracted much
attention as they are significantly lighter than their quark model expectations, e.g.
2.48 GeV ad 2.55 GeV, respectively [3, 4, 5]. Moreover, it is observed that the mass
difference between the D∗s0(2317) and the Ds1(2460) is equal to that between the
pseudoscalar D+ and the ground state vector D∗+ within 2 MeV. More interestingly,
two new charm nonstrange mesons, D∗0(2400) [6, 7] and D1(2430) [6] were observed in
2004. Their quantum numbers indicate that they should be the SU(3) partners of the
D∗s0(2317) and Ds1(2460), respectively. However, this assignment immediately raises
a puzzle: Why are the masses of the two strange mesons, D∗s0(2317) and Ds1(2460),
almost equal to or even lower than their nonstrange siblings, i.e. the D∗0(2400) and
D1(2430)?
Since the discovery of the D∗s0(2317) and the Ds1(2460), various interpretations
of their nature were proposed, including molecules [8, 9, 10], tetraquark [11, 12] and
chiral partners [13, 14]. Among them, the hadronic molecular state is of particular
interest due to the closeness of their masses to the DK and D∗K thresholds, re-
spectively. The low-energy interactions between the charm meson (D/Ds) and the
Goldstone boson φ (pi/K/η) can be systematically studied in the framework of chiral
perturbation theory (ChPT), a low-energy effective theory of Quantum Chromody-
namics (QCD). The Ds0(2317) is interpreted as a DK molecular state by using an
unitarized S-wave D-φ interaction [15, 10, 16]. In those works, only the leading order
(LO) amplitudes are employed as the kernels of bubble resummation. Extentions to
the next-to-leading order (NLO) were done in Refs. [17, 18, 19, 20, 21].
In the meantime, using the Lu¨scher formalism and its extesion to the coupled chan-
nels, scattering lengths and phase shifts for the Dφ interaction have been obtained
at unphysical quark masses [22, 23, 24, 25, 26, 27]. The first Lattice calculation only
concerns the channels free of disconnected Wick contractions [23]. In Ref. [23], the
obtained scattering lengths are used to determine the low-energy constants (LECs)
of the NLO ChPT Lagrangian. In particular, with the LECs determined in Ref. [23],
the attraction in channel (S, I) = (1, 0), where the D∗s0(2317) resides, is strong so
that a pole located at 2315+18−28 MeV emerges [23]. A recent extension to the D
∗-φ
interaction is performed in Ref. [28] making use of heavy quark spin symmetry. The
chiral effective amplitudes were extened to next-to-next-to-leading order (NNLO) in
Refs. [29, 30, 31, 32, 33, 34, 35], in which the LECs were determined by D and Ds
masses and the lattice results on scattering lengths [23, 24, 25, 26]. Besides determined
by fitting to Lattice data, LECs can also be estimated using the resonance-exchange
model, see e.g. in Ref. [36]. However, for the coupled-channel on-shell factorization
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unitarization, the left-hand cut might overlap the unitarity cut and leads to the uni-
tarity violation [34]. One way to aviod this problem is to employ the N/D method
(see, e.g., Refs. [37, 38, 39]) to the coupled-channel systems. Due to the overlap of
the left- and right-hand cut, the NLO amplitudes in Ref. [23] are employed to inves-
tigate the possible dynamically generated resonances. In particular, two scalar I=1/2
states are found with the lighter one located more than 100 MeV below its corre-
sponding strange partner [40]. In addition, the energy levels computed in Ref. [40]
is in a remarkable agreement with the lattice results reported in Ref. [27]. It means
that the particle listed as D∗0(2400) in the Review of Particle Physics (RPP) [41]
in fact corresponds to two resonances with pole positions (2105+6−8 − i 102+12−12) MeV
and (2451+36−26 − i 134+7−8) MeV [40], respectively. In this picture, the puzzle that the
experimentally extracted mass of the D∗0(2400) is heavier than its strange partner
D∗s0(2317) can be easily understood.
2 Implication of chiral symmetry for resonances
One reason why the resonance parameters of the D∗0(2400) and D1(2430) in the RPP
[41] should be questioned is that the Breit-Wigner (BW) form used to extract them
is inconsistent with constraints from the chiral symmetry which requires energy de-
pendent vertices. However, the BW form uses a constant vertex which would lead to
a value of the mass larger than its real value. A standard BW parameterization for
a S-wave Dpi amplitude corresponds to a peak at the invariant energy E = m0 with
m0 the BW mass appearing in the BW form if we neglect the mass-dependence of
the decay width Γ for simplicity. In order to take the chiral constraint into account,
we simply modify the parameterization as
F ′(s) ∝ Epi
s−m20 + im0Γ
. (1)
Then the peak position is shifted from m0 by
∆ =
Γ2ED
4m0Epi − Γ2 , (2)
where the ED and Epi are energy of D and pi evaluated in the rest-frame of the system.
For a broad resonance, e.g. D∗0(2400), the shift could be significant. However, such a
modification can only be applied in a small energy range before the coupled-channel
effect becomes important. The broad width of the D∗0(2400) and D1(2430) require a
framework taking both the chiral constraint and the coupled-channel unitarity into
account. These requirements are satisfied by the unitarizied ChPT, e.g. in Refs. [23,
21].
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Table 1: Predicted masses of the lowest positive-parity heavy-strange mesons in com-
parison with the RPP values [41] and lattice QCD results (Ref. [45] for charm and
Ref. [46] for bottom mesons), in units of MeV [47].
meson prediction RPP lattice
D∗s0 2315
+18
−28 2317.7± 0.6 2348+7−4
Ds1 2456
+15
−21 2459.5± 0.6 2451± 4
B∗s0 5720
+16
−23 − 5711± 23
Bs1 5772
+15
−21 − 5750± 25
(5)
The unitarization is equivalent to a resummation of the s-channel potentials [42]
T−1(s) = V −1(s) +G(s). (3)
The potential V (s) is derived from the chiral effective Lagrangian and G(s) is the
two-point scalar loop functions, regularized with a subtraction constant. The free
parameters are determined by fit to lattice data on scattering lengths in 5 disconnected
channels [23], i.e., Dpi with isospin I = 3/2, DK with I = 0, 1, DsK and Dspi.
It was demonstrated that the obtained amplitudes properly predicted the energy
levels generated in LQCD [40]. This means that the scattering amplitudes for the
coupled Dφ system are reasonably based on QCD. Those amplitudes allow us one to
identify the poles in the complex energy plane of scattering amplitudes reflecting the
possible low-lying positive-parity resonances of QCD in the charm sector, as well as in
the bottom secotr when the heavy quark flavor symmetry is employed. The predicted
masses for the lowest charm-strange positive-parity mesons are fully in line with the
well-estalished measurements, and those for the bottom sectors are consistent with
LQCD results, see Table 1. It was also demonstrated that the compositeness (1-Z) [43]
for the pole corresponding to the D∗s0(2317) related to the S-wave scattering length is
found to be in the range [0.66,0.73] [23]. It means that the D∗s0(2317) is dominantly
a S-wave DK molecule. Moreover, employing the heavy quark spin symmetry, D∗K
interaction is almost same as DK and thus can form a bound state, i.e. Ds1(2460),
with a similar binding energy [44]
MD +MK −MD∗s0(2317) 'MD∗ +MK −MDs1(2460) (4)
Moreover, there are two poles, corresponding to two resonances, are found in the
channel (S, I) = (0, 1/2). The predicted poles, located at the complex energies√
spole = M − iΓ/2, for scalar and axial-vector heavy-light mesons are listed in Ta-
ble 2. It is easy to observe that the masses for the lower nonstrange resonances are
smaller then those for the strange ones.
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Table 2: Predicted poles, quoted as (M,Γ/2), for the positive-parity heavy mesons
[47]. The RPP [41] values are listed in the last column.
lower pole higher pole RPP
D∗0
(
2105+6−8, 102
+10
−11
) (
2451+35−26, 134
+7
−8
)
(2318± 29, 134± 20)
D1
(
2247+5−6, 107
+11
−10
) (
2555+47−30, 203
+8
−9
)
(2427± 40, 192+65−55)
B∗0
(
5535+9−11, 113
+15
−17
) (
5852+16−19, 36± 5
) −
B1
(
5584+9−11, 119
+14
−17
) (
5912+15−18, 42
+5
−4
) −
3 Comparison with experimental data
The unitarized chiral D-φ amplitudes are fully in line with the LQCD calculations.
They describe the D∗s0(2317) and Ds1(2460) when the heavy quark symmetry is em-
ployed. Moreover, the puzzle of the almost degeneracy of the scalar nonstrange and
strange charm mesons is resolved naturally. To show they are fully consistent with
the experimental data, we try to describe the reaction B− → D+pi−pi− [48], which are
the best data providing access to the Dpi system at present. When only the low Dpi
mass region is concerned, e.g. up to 2.6 GeV, it is sufficient to study the decay am-
plitude with S-, P - and D-waves, while all channels (D+pi−, D0pi0, D0η and D+s K
−)
coupled to D+pi− are considered in the intermediate state. For the P - and D-wave
amplitudes the same BW form as in the LHCb analysis [48] are used. For the S-wave
we employ [47]
A0(s)∝
{
Epi
[
2 +G1(s)
(5
3
T
1/2
11 (s) +
1
3
T 3/2(s)
)]
+
1
3
EηG2(s)T
1/2
21 (s)
+
√
2
3
EKG3(s)T
1/2
31 (s)
}
+ CEηG2(s)T
1/2
21 (s),
where C = (c2 + c6)/(c1 + c4) with ci the low-energy constants in the leading order
chiral effective Lagrangian [47]. Here the T Iij(s) are the S-wave Dφ scattering am-
plitudes for the coupled-channel system with total isospin I, where i, j are channel
indices with 1, 2 and 3 referring to Dpi, Dη and DsK, respectively. The Gi(s) function
is evaluated via a once-subtracted dispersion relation. We fit to the so-called angu-
lar moments defined in Ref. [48, 47], which contain important information about the
partial-wave phase variations, up to MD+pi− = 2.54 GeV for the decay B
− → D+pi−pi−
[48]. In addition to the S-wave amplitude given in Eq. (6), we include the resonances
D∗ and D∗(2680) in the P -wave and D2(2460) in the D-wave. Their masses and
width are fixed as the central values in the LHCb analysis [48]. The best fit has
χ2/d.o.f/ = 1.7 and the free parameter values are C = −3.6 ± 0.1 with the subtrac-
tion constant aA = 1.0 ± 0.1 for Gi(s). A comparison of the best fit with the LHCb
data is shown in the Fig. 1 together with the best fit provided by the LHCb analysis.
4
×106
● ● ●
● ●
● ●
● ● ●
● ● ● ● ● ●
● ● ● ●
●
●
● ●
●
●
●
2.0 2.1 2.2 2.3 2.4 2.5
0.0
0.5
1.0
1.5
MD+ π- [GeV]
〈P
0
〉/
(2
0
M
e
V
)
×106
●
●●
●
●●
●●
●
●●●
●●
●●
●●●●
●
●●●
●●●
2.0 2.1 2.2 2.3 2.4 2.5
-0.05
0.00
0.05
0.10
0.15
MD+ π- [GeV]
(〈P
1
〉-
1
4
〈P
3
〉/9
)
/(
2
0
M
e
V
)
×106
●●●●●●●●●●●●
●●●●
●●
●
●
●
●
●
●
●
●●
2.0 2.1 2.2 2.3 2.4 2.5
-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
MD+ π- [GeV]
〈P
2
〉/
(2
0
M
e
V
)
Figure 1: Fit to the LHCb data for the angular moments 〈P0〉, 〈P1〉 − 14〈P3〉/9 and
〈P2〉 for the B− → D+pi−pi− reactions [48, 47].
It is worthwhile to notice that in 〈P1〉 − 14〈P3〉/9, where the D2(2460) does not play
any role, the data show a significant variation between 2.4 and 2.5 GeV. This feature
can be understood as the signal for the opening of the D0η and D+s pi
− thresholds at
2.413 and 2.462 GeV, respectively. Futhermore, the data for the angular moments
for B−s → D0K−pi+ [49] can be easily reproduced in the same freamework [47], which
has the D
∗
s0(2317) as a dynamically generated state.
4 Summary
In summary, we have demonstrated that amplitudes fixed from QCD inputs for the
D-φ scattering not only resolve the puzzles in charm-meson spectroscopy but also
are fully consistent with recent high quality LHCb data on B decays which provide
by far the most precise expermental information on the Dpi and DK systems. The
amplitudes have a pole corresponding to the D∗s0(2317) in the (S, I) = (1, 0) channel,
and two poles in the (S, I) = (1/2, 0) channel [40]. The lowest charm nonstrange
scalar meson, D∗0(2400) listed in the RPP [41] should be replaced by two poles [47].
The heavy quark spin symmetry implies that Ds1(2460) corresponds to a pole in the
D∗K scattering amplitude and the D1(2430) listed in RPP should be replaced by two
JP = 1+ states. The coherent picture clearly calls for a change of the paradigm for
the positive-parity open-flavor heavy mesons: The lowest positive parity states need
to be considered as dynamically generated two-hadron states as opposed to a simple
quark-antiquark structure. The similar pattern has been established for the scalar
mesons made from light up, down and strange quarks, where the lowest multiplets
are considered to be made of states not described by the quark model [47].
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